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Preface 


In  December,  1974,  Newburgh,  Budreau,  Blacksmith, 
and  Sothares  of  the  Air  Force  Cambridge  Research  Labor¬ 
atories  (AFCRL),  New  Bedford,  Massachusetts,  proposed  a 
technique  using  magnetostatic  surface  waves  to  measure 
relative,  non-inertial  rotation  rates.  Subsequent  to 
the  1974  proposal,  Sethares  experimentally  and  theoreti¬ 
cally  profiled  surface  wave  propagation  on  a  simple  ring 
geometry  using  a  thin  yttrium-iron-garnot  (YIG)  film  as 
a  propagation  medium. 
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tore  R.  Balsamo,  professor  of  electrical  engineering 
at  the  Air  Force  Institute  of  Technology.  It  was  my 
assigned  task  to  advance  the  AFCRL  research  by  inves¬ 
tigating  the  use  and  performance  of  a  thick,  single 
crystal  YIG  ring  as  a  practical  rotation  rate  sensor. 
This  thesis  is  the  result  of  that  investigation. 

Because  of  the  complexities  of  any  original  re¬ 
search,  I  am  deeply  indebted  to  those  individuals  who 
supported  me  throughout  this  effort.  Specifically,  I 
would  like  to  thank  my  thesis  committee,  Major  Balsamo 
and  Professors  R.  S.  Potter  and  (Captain)  J.  M.  Borky, 
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for  their  technical  guidance  throughout  my  research. 

I  am  equally  indebted  to  Mr.  James  C.  Sethares  for  his 
participation  in  the  significant  amount  of  theoretical 
analysis  this  unexplored  topic  required.  I  also  want 
to  thank  Mr.  Jim  Adair  and  Mr.  Mark  Calcatore  of  the 
Air  Force  Avionics  Lab  for  use  of  their  facilities, 
equipment,  and  talent.  And,  I  especially  want  to  thank 
my  wife,  Naoma,  for  her  secretarial  and,  most  important¬ 
ly,  moral  support. 
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Abstract 


This  thesis  presents  a  theoretical  and  experimental 
analysis  of  the  potential  use  of  magnetostatic  surface 
waves  to  sense  non-inertial  rotation  in  a  body-fixed  ref¬ 
erence  frame.  The  analysis  primarily  focused  on  the  use 
of  high  purity,  single  crystal  yttrium-iron-garnet  (YIG) 
as  a  propagation  medium  in  a  thick  ( 0 . 1 3  cm.)  ring  geom¬ 
etry.  ^  c  <  <  ' 

The  results  of  several  experiments  showed  that  de¬ 
spite  the  observation  of  satisfactory  surface  waves,  the 
lower  order  wave  numbers  imposed  by  the  thick  ring  geom¬ 
etry  prevented  the  achieving  of  satisfactory  rate  sensing 
sensitivity.  Additionally,  non-uniform  behavior  as  a 
function  of  lattice  orientation  with  respect  to  the  sur¬ 
face  wave  launch  site  had  been  observed.  It  is  concluded 
that  this  is  the  result  of  anisotropic  variations  which 
are  inherent  in  the  yttrium-iron-garnet  medium. 
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I.  Introduction 


Background 

In  I960,  Damon  and  Eshbach  theoretically  charac¬ 
terized  the  existence  of  two  distinct  magnetostatic 
modes  on  a  ferromagnetic  slab.  With  the  assumption 
of  proper  boundary  conditions,  their  analysis  indicated 
that  these  modes  were  unique,  frequency  dependent  solu¬ 
tions  to  Maxwell's  equations  and  the  equation  of  motion 
of  the  slab  magnetization.  In  essence,  they  concluded 
that  as  frequency  increases  beyond  the  spin  wave  region, 
the  magnetostatic  behavior  changes  from  one  which  is  dis 
tributed  across  the  volume  of  the  slab  to  one  which  is 
strictly  a  surface  mode.  In  this  latter  mode,  the  en¬ 
ergy  is  concentrated  at  the  slab  surface  along  which  pro 
pagation  takes  place.  The  propagation  direction  is  or¬ 
thogonal  to  an  applied  DC  magnetic  field.  The  surface 
wave  propagation  is  initiated  by  an  external  RF  magnetic 
excitation  (Ref  4)» 

In  further  examining  the  Damon  and  Eshbach  theory, 
it  is  seen  that  the  surface  wave  mode  is  further  char¬ 
acterized  as  non-reciprocal  and  dispersive.  The  mode 
is  non-reciprocal  because  propagation  for  a  given  RF 
excitation  and  biasing  field  is  confined  to  only  one 


direction.  The  surface  wave  is  dispersive  because  the 
wave  velocity  increases  as  the  frequency  within  the  sur¬ 
face  wave  mode  is  increased.  (Hence,  the  dispersion  of 
the  surface  wave  is  termed  "positive.") 

Later,  in  1968,  Brundle  and  Freedman  experimentally 
excited  the  magnetostatic  surface  wave  (MSSW)  mode  on  a 
thin,  single  crystal,  YIG  slab  where  the  wavelengths 
of  the  surface  waves  were  much  smaller  than  the  slab  di¬ 
mensions  (Ref  4).  Their  results  closely  followed  the 
theoretical  mode  behavior  predicted  by  Damon  and  Eshbach. 
In  terms  of  the  Damon  and  Eshbach  dispersion  relation 
(Ref  4:133)»  the  correlation  between  the  experimental  re¬ 
sults  and  the  predicting  theory  was  very  good. 

In  terms  of  modern  avionics,  the  theory  provided  by 
Damon  and  Eshbach  and  the  experimental  analysis  performed 
by  Brundle  and  Freedman,  as  well  as  the  work  contributed 
by  many  others,  have  resulted  in  many  innovative  signal 
processing  applications.  For  example,  MSSW  technology 
has  been  applied  to  practical  tunable  microwave  oscilla¬ 
tors  (Ref  8)  and  variable  delay  lines  (Ref  1)  operating 
within  the  microwave  frequency  spectrum.  A  further  ex¬ 
tension  of  this  technology  was  proposed  by  Newburgh, 
Blacksmith,  Budreau,  and  Sethares  of  the  Air  Force  Cam¬ 
bridge  Research  Laboratories  in  1974  (Ref  8). 


2 


The  AFCRL  proposal  suggested  that  MSSW  propagation 
may  allow  the  development  of  a  small,  highly  sensitive' 
and  lightweight  non-inortial  rotation  rate  sensor.  The 
sensor  would  consist  of  a  rotating  YIG  ring  upon  which 
magnetostatic  surface  waves  would  be  excited.  Sensing 
of  the  ring  rotation  rate  would  be  achieved  by  measur¬ 
ing  MSS’.V  phase  (or  fringe)  shifts  using  an  interfero¬ 
metric  sensing  scheme.  Furthermore,  in  1974,  Sethares 
showed  that  MSSW  propagation  could  be  achieved  on  a 
thin  YIG  film  ring  with  gallium-gadolinium-garnet  (GGG) 
used  as  the  ring  substrate  (Ref  10).  Results  from 
Sethares1  experiment,  however,  were  inconclusive  in 
terms  of  evaluating  the  usefulness  of  the  thin  film 
ring  as  part  of  a  rotation  rate  sensing  system.  This 
resulted  from  non-uniform  behavior  of  the  surface  wave 
as  the  ring  was  rotated.  Sethares  attributed  the  non¬ 
uniformity  to  the  gross  "facetting”  of  the  YIG  film 
which  occured  during  the  liquid  phase  epitaxy  crystal 
growth  process.  It  was  subsequently  suggested  that  the 
thin  film  disfiguration  problem  could  be  avoided  by  ma¬ 
chining  the  desired  ring  geometry  out  of  a  single  crys¬ 
tal  YIG  boule.  Later  such  a  ring  was  produced,  but 
the  YIG  thickness  was  over  one  hundred  times  greater 
than  the  YIG  film  thickness.  Although  the  new  thick 
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ring  was  available  at  the  time  of  this  work,  no  thorough 
evaluation  of  the  thick  ring  in  terms  of  magnetostatic 
behavior  or  rotation  rate  sensing  suitability  had  been 
performed. 


Statement  of  the  Problem 

Until  this  time,  no  further  research  into  the  MSSW 
rotation  rate  sensor  had  been  conducted  to  assess  the 
practical  value  of  MSSW  propagation  when  applied  to  ro¬ 
tation  rate  sensing.  In  order  to  make  such  an  assess¬ 
ment,  the  following  questions  were  addressed.  First, 
is  it  possible  to  reliably  excite  uniform  MSSW  propa¬ 
gation  on  a  ferromagnetic  medium  when  the  medium  itself 
is  rotating?  Second,  considering  the  problems  encountered 
by  Sethares  with  the  thin  film  ring,  how  well  suited  is 
the  thick  ring  to  MSSW  propagation  and,  ultimately,  sen¬ 
sor  sensitivity?  Third,  what  corruptive  effects  exist 
and  how  can  they  be  reduced?  And,  fourth,  does  the  MSSW 
sensor  provide  any  practical  advantages  that  would  make 
it  a  better  choice  over  current  rate  sensing  schemes? 

Plan  of  Attack 

This  thesis  concerns  itself  with  extending  the  ap¬ 
plication  of  MSSW  theory  to  the  case  of  rotation  rate 
sensing  with  a  thick  ring.  The  approach  taken  is  to 
design  and  build  two  different  rotation  rate  sensing 
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schemes.  In  one,  an  experiment  is  constructed  to  meas¬ 
ure  MSSW  phase  shift  in  a  modified  interferometer  scheme. 
In  the  second,  the  MSSW  YIG  ring  is  adapted  to  a  micro- 
wave  oscillator  system  where  the  shift  in  oscillator 
frequency  due  to  rotation  of  the  ring  is  of  interest. 

For  both  applications,  it  was  necessary  to  accom¬ 
plish  two  prerequisite  tasks.  First,  a  probe  coupling 
scheme  to  excite  surface  waves  on  the  rotating  ring  had 
to  be  developed.  Two  probes  capable  of  generating  and 
then  detecting  the  surface  waves  were  required.  Also, 
these  probes  must  be  able  to  provide  maximum  probe-to- 
probe  isolation  to  restrict  unwanted  interference  between 
the  MSSW  signal  and  the  excitation  RF  field.  Secondly, 
a  method  of  characterizing  the  thick  ring  MSSW  behavior 
had  to  be  determined  in  terras  of  the  actual  dispersive 
character  of  the  wave  propagation.  This  knowledge  was 
needed  to  form  a  basis  for  analyzing  the  ring  performance 
in  the  rotating  case. 

Sequence  of  Presentation 

The  existing  magnetostatic  theory  as  developed  for 
slab  geometries  and,  later,  the  ring  geometry  will  bo 
discussed  first.  This  will  be  followed  by  a  discussion 
of  MSS"/  propagation  when  applied  to  the  task  of  sensing 
rotation  rates.  Next,  the  development  and  design  of  two 
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sensing  schemes  will  be  addressed  including  the  descrip¬ 
tion  of  a  means  to  identify  the  actual  MSSW  character  of 
the  thick  ring.  Subsequently,  the  experimental  results 
will  be  presented  which  will  be  followed  by  a  discussion 
of  the  conclusions  drawn  from  this  study. 
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II.  Magnetostatic  Theory 

Phenomenological  Model 

Magnetostatic  behavior  in  ferromagnetic  materials 
such  as  yttrium-iron-garnet  (YIG)  can  be  explained  by 
describing  the  interactions  between  internal  magnetic 
moments  as  influenced  by  externally  applied  magnetic 
fields.  The  external  fields  of  interest  are  periodic 
time-varying  fields,  such  as  RF  excitations,  and  time- 
invariant,  DC  fields.  Both  types  are  important  in  ex¬ 
plaining  magnetostatic  effects. 

Magnetostatic  behavior  is  classically  explained, 
for  example  in  Sparks  (Ref  1^)  and  Kittcl  (Ref  6),  in 
terms  of  magnetic  moments  due  to  electron  spins  within 
a  crystal  lattice.  Here,  the  spin  locations  relate  to 
ion  sites  within  the  lattice  structure  where  each  spin 
has  a  magnetic  moment  associated  with  it.  Due  to  in¬ 
teractions  between  neighboring  spins  in  ferromagnetic 
materials,  neighboring  spins  and  their  magnetic  moments 
tend  to  be  aligned  parallel  to  one  another.  The  simple 
summation  or,  in  the  macro  sense,  integration  of  these 
magnetic  moments  over  the  total  sample  volume  yields  a 
total  magnetic  moment  which  can  be  influenced  by  exter¬ 
nal  magnetic  fields. 
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When  this  analysis  is  expanded  to  the  perturbed 
case  where  an  external  DC  field  is  applied,  the  nature 
of  this  spin  system  changes.  As  may  be  intutitively 
suspected  from  a  simple  field  interaction  analysis,  an 
externally  applied  field  will  alter  the  discrete  spins 
and,  consequently,  the  total  magnetic  moment  of  the  fer¬ 
romagnetic  sample. 

This  can  be  shown  by  first  considering  a  simple 
system  with  a  single  spin.  As  shown  in  Figure  1,  the 
spin  is  aligned  relative  to  some  fixed  reference  frame 
in  the  normal,  unperturbed  state.  With  the  application 
of  an  external  DC  field,  a  torque  is  produced  which  re¬ 
sults  in  a  precession  of  the  magnetic  moment  about  its 
equilibrium  position.  This  precession  occurs  at  a  fixed 
precession  rate  (sometimes  referred  to  as  the  Larmor  fre¬ 
quency)  and  at  some  precession  angle.  Both  effects  are 
related  to  the  strcngtli  of  the  applied  field  where  this 
functional  relationship  can  be  expressed  as  (Refs  14:5 
and  5:263-265) 

(0  =  T  H  (1> 

where  Y  is  the  gyromagnctic  ratio.  This  ratio  is  a 
function  of  the  angular  momentum  and  magnetic  moment 
of  the  spin  system  (Ref  I6:t7)»  It  has  been  fur- 
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as  the  transverse  and  longitudinal  magnetization  com- 
poments  of  the  perturbed  spin  system. 

If  this  simple  case  is  expanded  to  one  where  neigh¬ 
boring  spins  are  introduced,  the  behavior  of  the  system 
under  the  aforementioned  conditions  becomes  further  com¬ 
plicated.  As  the  spin  system  is  subjected  to  an  exter¬ 
nal  DC  field,  the  resulting  disturbance  is  opposed  by  a 
reactionary  field  that  tends  to  demagnetize  the  applied 
field.  This  demagnetization,  H^,  is  a  function  of  the 
material  geometry  through  the  demagnetization  factor, 

Nd,  and  the  saturation  magnetization,  4irMs,  of  the  fer¬ 
romagnetic  material  (Ref  13:55).  This  effect  can  be  sim¬ 
ply  expressed  as  a  linear  function  where 


Hd  = 


The  net  effective  field,  He,  that  determines  the  preces- 
sional  resonance  frequency  then  becomes 


"<•=  -  % 


where  Ha  =  the  applied  DC  field. 

Furthermore,  by  observing  that  the  RF  field,  hrf, 
exerts  a  torque  on  the  spin  system,  the  equation  of 
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motion  of  the  magnetization  of  the  system  can  be  expressed 
as  a  function  of  the  cross-product,  M  x  H,  where  R  repre¬ 
sents  the  net  internal  field.  As  related  to  the  equation 
of  motion  of  the  magnetization  by  the  gyromagnetic  ratio, 
this  yields  (Ref  14:49) 

F\  =  r  (m  *  h)  ^ 

Additional  complications  can  be  added  to  the  model 
that  further  affect  the  magnetostatic  behavior  of  the 
ferromagnetic  material.  For  example,  nothing  has  been 
said  about  temperature  effects,  ionic  impurities,  lattice 
dislocations,  and  surface  effects. 

Theoretically,  a  pure  ferromagnetic  material  would 
have,  according  to  the  previous  discussion,  a  single 
discrete  precession  resonance  frequency  corresponding 
to  a  given  value  of  the  net  effective  field,  He.  This 
is  not  the  case  in  the  real  world  since  unavoidable 
crystalline  imperfections  have  a  distinct  effect  on  the 
precessional  change  in  the  spin  system  as  well  as  an¬ 
isotropic  effects  which  are  difficult  to  model  (Ref  13:52). 

As  seen  in  Figure  1,  application  of  the  RF  field 
tends  to  result  in  a  longitudinal  and  transverse  change 
in  the  magnetization  moment  of  the  system.  When  the  RF 
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excitation  is  removed,  the  system  collapes  to  its  normal 
state.  It  is  theorized  that  the  collapsing  is  a  two-step 
decay  process  (Ref  13:30#  Two  time  constants  are  asso¬ 
ciated  with  the  collapse:  which  affects  the  longitu¬ 

dinal  component  and  T2  which  affects  the  transverse 
componet.  Further  analysis  shows  that  T1  is  primarily 
due  to  neighboring  spin  interactions  while  T2  can  be 
attributed  to  lattice  imperfections.  The  net  result  is 
that  the  precessional  resonance  condition  can  occur  over 
a  broader  range  of  He  than  at  a  single  field  value. 

This  range,  4H,  is  then  a  measure  of  the  quality  of  the 
ferromagnetic  material  and  is  most  often  referred  to  as 
the  linewidth  of  the  material. 

It  is  of  interest  to  this  thesis  to  point  out  that 
pure  YIG  has  an  excellent  linewidth  v/hich  is  normally 
much  less  than  one  Oersted  (Ref  5:300).  It  is  for  this 
reason  that  YIG  is  a  model  specimen  for  studying  magne¬ 
tostatic  behavior.  Because  of  its  interior  purity,  it 
is  interesting  to  note  that  ultimately  it  is  the  surface 
quality  of  a  YIG  specimen  that  determines  its  linewidth. 
Consequently,  the  polishing  process  determines  the  size 
and  distribution  of  surface  pits  on  the  specimen  and  the 
final  linewidth. 

In  addition  to  crystal  quality  and  surface  pits, 
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other  factors  enter  into  the  model  ing  problem.  Temper¬ 
ature  effects  can  be  very  large.  For  YIG,  the  saturation 
magnetization  is  1750  gauss  with  a  temperature  coeficient 
of  -4.4  gauss  per  degree  centigrade  (Ref  16).  Anisotropic 
field  effects,  although  normally  small  in  YIG  must  also  be 
accounted  for.  In  fact,  there  is  no  complete  model  that 
describes  all  the  behavioral  variations  in  a  ferromagnetic 
material.  However,  notwithstanding  these  limitations,  the 
work  done  by  Damon  and  Eshbach,  Brundle  and  Freedman,  and 
others  has  resulted  in  fairly  good  models  for  at  least 
tv/o  types  of  magnetostatic  modes. 

Magnetostatic  Modes 

The  preceding  phenomenological  description  of  magne¬ 
tostatic  behavior  remains  incomplete,  since  it  does  not 
yet  fully  describe  the  allowable  behavior  modes.  Experi¬ 
mentally,  many  modes  have  been  observed;  however,  only 
two  general  modes  have  been  well  modelled.  These  are 
the  volume  and  surface  modes. 

In  I960,  Damon  and  Eshbach  developed  solutions  to 
Maxwell's  equations  and  the  equation  of  motion  of  the 
magnetization  for  a  ferromagnetic  slab  as  shown  in  Fig¬ 
ure  2  (Ref  4)«  Since  magnetostatic  behavior  in  a  non- 
conductive  ferromagnetic  material  is  characterized  by 
negligible  E  field  component,  Maxwell's  equations  in 


the  magnetostatic  limit  become 


(7X11  =  0 

v  ♦  B  =  o 


(5) 

(6) 


where  B  =  II  +  47  M 

s 

H  =  H  +  h  - 
e  r  x 

n  =  u  -  it  . 

e  a  a 

As  illustrated  in  Figure  2,  the  conditions  placed  on  the 
boundaries  of  the  slab  are  that  the  normal  B  component 
and  tangetial  H  component  are  continuous  at  the  surfaces 
and  that  as  the  distance  from  the  surfaces  increases, 
these  fields  approach  zero.  The  magnetostatic  solution 
also  requires  that  the  magnetostatic  equation  of  motion, 
repeated  below,  be  satisfied: 


#  *  r(Q  x  h) 


(4) 


Damon  and  Eshbach's  solutions  for  the  slab  geometry 
yield  important  insights  into  the  magnetostatic  modes. 
First  of  all,  they  found  that  two  frequency  dependent 
magnetostatic  modal  solutions  exist.  In  the  preceding 
spin  system  description,  the  mode  is  characterized  by 
energy  densities  that  exist  throughout  the  volume.  This 
is  the  so-called  volume  or  "bulk  effect"  mode  where  the 
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yig  slab 


(Region  1) 


(Region  2) 


(Region  3) 


Figure  2.  Damon  and  Eshbach  Theoretical 
Slab  and  Boundary  Conditions. 


energy  propagation  mechanism  is  due  to  spin  exchange 
coupling.  One  of  the  Damon  and  Eshbach  solutions  fits 
this  particular  mode.  However,  another  solution  which 
is  of  particular  interest  is  characterized  as  a  surface 
mode  where  the  energy  densities  are  at  their  greatest 
at  the  slab  surfaces.  Although  the  exact  mechanism  for 
this  "surface  guided  mode"  (Ref  10:17)  is  difficult  to 
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explain,  it  is  characterized  by  being  primarily  non¬ 
reciprocal  and  with  positive  dispersion.  As  presented 
by  Damon  and  Eshbach,  this  modal  solution  can  be  expressed 
in  terms  of  the  following  relation  (Ref  4:313): 


=  aH  +  n„  *  C*  *  2  coth  (ksH 


(7) 


where  fle=  c 6/^iTt^Y 
qh=  He/‘i*ns 

k  =  the  MSSW  wave  vector  number 
s  =  the  slab  thickness 
GJ  =  the  MSSW  angular  frequency 
y  =  2/7(2. 8  x  10^)  rad/Oe-sec 

Making  the  indicated  substitutions  yields  the  expression 
used  by  Brundle  and  Freedman  (Ref  2:133): 


=  He 


(8) 


An  analysis  of  Eqn  (8)  shows  that  the  to  versus  k 
relation  as  plotted  in  Figure  3  is  positive,  increasing 
monotonically.  This  dispersion  relation  describes  the 
magnetostatic  surface  wave  (MSSW)  mode. 


Figure  3-  General  Dispersion  Curve  for  MSSWs 

i  _ _ 


Figuro  Drundlc  and  Freedman  Kxporimont* 


Experimental  Observation  of  MSSWs  on  a  Slab 


In  1968,  Brundle  and  Freedman  experimentally  excited 
and  observed  MSSW  propagation  on  a  YIG  slab  4*2  mm  wide, 
8.5  mm  long,  and  0.5  mm  thick.  Two  tests  were  devised  to 
observe  MSSW  effects.  One  test  was  a  pulse  experiment 
where  group  delay  was  measured.  The  second  test  was  a 
c.w.  test  where  standing  waves  were  produced  by  allowing 
the  surface  waves  to  travel  completely  around  the  slab. 
Analysis  of  the  MSSW  mode  was  based  on  the  dispersion 
solution  shown  as  Eqn  (8).  Figure  4  shows  the  experi¬ 
mental  set-up  used  by  Brundle  and  Freedman.  Additionally, 
it  was  pointed  out  that  the  actual  group  velocity  differed 
from  the  theoretical  group  velocity,  vg  =  d(a/dK  ,  due  to 
the  dispersion  and  lossiness  of  the  particular  slab  used. 
However,  proof  of  the  existence  of  the  surface  wave  on 
the  slab  was  attained  by  observing  the  effect  of  a  con¬ 
ductive  plate  held  next  to  the  slab  surfaces. 

According  to  Damon  and  Eshbach’s  results,  surface 
waves  would  propagate*  as  depicted  in  Figure  5»  in  a  direc- 

A 

tion,  k,  determined  by 


A 

n 


(9) 
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where  n  is  the  surface  normal  unit  vector.  This  implies 
that  the  non-reciprocal  nature  of  the  surface  wave  would 
result  in  propagation  in  only  one  direction  relative  to 
the  applied  field  and  surface  of  interest.  In  fact  when 
the  metal  plate  in  Brundle  and  Freedman's  experiment  was 
placed  next  to  one  surface,  no  significant  effect  was 
seen  on  the  surface  wave.  However,  when  the  metal  plate 


Figure  5.  MSSlV  Propagation  Direction, 

A  _  _ 

k,  Relative  to  Ha  and  hrj. 


19 


was  placed  next  to  the  opposite  surface,  the  surface 
wave  disappeared.  These  results  and  the  implied  surface 
wave  propagation  direction  agreed  with  the  predicted  one 
as  calculated  by  Eqn  (9)* 

MSSl’/s  on  a  YIG  Ring 

In  1974*  Sethares  investigated  the  potential  excita¬ 
tion  of  magnetostatic  surface  waves  on  a  thin  film  YIG 
ring  (Ref  10).  The  ring  film  was  produced  using  a  liquid 
phase  epitaxy  process.  Several  rings  were  produced  with 
varying  thicknesses  ranging  from  approximately  four  to 
ten  microns.  All  rings  were  produced  using  a  gadolinium- 
gallium-garnet  (GGG)  substrate. 

It  was  Sethares’  prediction  that  if  the  surface  wave¬ 
lengths  were  small  compared  to  the  ring  geometry  then  the 
ring  surface  would  approximate  a  slab  geometry.  Thus,  the 
dispersion  relation  as  used  by  Brundle  and  Freedman  would 
be  applicable.  Figure  6  describes  the  experimental  set 
up  used  by  Sethares  (Ref  10), 

Sethares’  results  were  significant  in  three  ways. 
First,  MSSW  propagation  supported  by  the  thin  film  ring 
using  simple,  fine  wire  couplers  was  observed.  Second, 
propagation  was  in  a  complete  path  around  the  ring  circum¬ 
ference  with  wavelengths  smaller  than  the  ring  dimensions. 
Finally,  the  relative  amplitude  of  the  surface  wave  pulse 
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Figure  6.  Basic  Group  Delay  Experiment 
Usod  by  Setharos. 

variod  considerably  with  the  angular  position  of  the  ring 
(Ref  10:40),  Obviously,  this  result  was  not  desirable, 
since  it  implied  possible  degradations  in  rotation 
rate  sensing.  With  closer  examination  of  the  thin  ring, 
Setharos  observed  a  "facetting"  of  the  thin  film  surface. 
This  kind  of  variation  in  the  vicinity  of  the  coupling 
probes  was  speculated  to  be  the  source  of  the  amplitude 
variations.  Subsequently,  Setharos  recommended  that  a 


21 


high  quality  single  crystal  YIG  boule  be  cut  and  polished 
into  a  suitable  ring  geometry  in  order  to  avoid  the  problem 
encountered  with  the  thin  film  ring. 

Sethares'  also  pointed  out  that  other  factors  may 
affect  the  propagation  characteristics.  Loss  can  be  attri¬ 
buted  to  both  frequency  independent  and  dependent  factors 
as  expressed  as 


«  -  A-f  ■  +  B  (10) 

where  c*  represents  the  combined  loss  due  to  factors  A  and  B. 
The  frequency  dependent  factor,  A,  is  attributed  to  intrin¬ 
sic  Kasuya-LeCraw  mechanisms.  Surface  and  volume  deformi¬ 
ties  are  associated  with  the  frequency  independent  factor, 

B  (Refs  11:13  and  14:147-15?). 

As  can  be  seen  from  this  discussion  there  are  many 
factors  affecting  the  MSSW  propagation  along  with  the  ring 
versus  slab  assumption.  In  addition,  there  was  no  complete 
model  that  would  represent  the  actual  ring  characteristics. 
This  dilemma  required  special  consideration  in  approaching 
the  rotation  rate  sensor  designs  and  their  respective  design 
parameters. 


III.  Magnetostatic  Rotation  Rate  Sensing 

General  Concept 

The  chief  motivation  behind  any  improved  rotation 
rate  sensing  system  is  to  devise  a  scheme  where  the 
system  output  becomes  related  to  the  applied  rotation  rate 
in  a  linear  and  highly  sensitive  manner.  The  relation¬ 
ship  then  involves  a  scaling  or  sensitivity  function  which 
in  its  simplest  form  may  be  stated  as 

>(«-)  *  (11) 

In  Eqn  (11),  is  the  system  output.  S OJ-)  is  the 

scaling  function  which  is  a  function  of  the  fixed  system 
parameters,  p.  f  and  the  applied  rotation  rate,  Jl. 

Since  an  important  design  objective  is  to  maximize 
the  scale  factor,  any  new  technology  which  promises  such 
improvement  is  worth  investigating.  For  instance,  consider 
the  1974  AFCRL  proposal  for  using  magnetostatic  surface 
waves  to  sense  rotation  rates.  This  proposal  asserted  that 
due  to  the  slow  MSSW  propagation  velocities,  very  sensitive 
scale  factors  on  the  order  of  10“^  rad/rad/sec  could  be 


achieved  (Ref  8).  Here  the  system  output  is  related  to 
the  input  rotation  rate  as  a  net  phase  shift  of  the  MSSW 


An  analysis  of  an  MSSW  phase  sensitive  rotation  rate 
sensing  system  can  be  developed  by  analyzing  the  simple 
system  shown  in  Figure  7»  With  the  ring  stationary  rela¬ 
tive  to  the  body-fixed  coordinate  frame,  the  surface  wave 
launched  from  the  input  probe  will  travel  to  the  output 
probe  in  time,  t,  ,  where 

t,  ~  wR  /  Vp 

where  Vp  =  the  MSSW  phase  velocity 
R  =  the  ring  radius 
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If  the  ring  is  allowed  to  rotate  at  some  angular 
rate,./i,  the  time  of  propagation,  tz  ,  is  now  influenced 
by  the  tangential  velocity  component,  =  7ix R,  ,  so  that 
the  net  velocity  becomes  the  vector  sum 

V  —  Vp+Vt  (13) 

A 

Using  this  relation,  the  time  dif f erence,  At ,  can  be 
written  as 

7rRZSL 

t,-tz  =  RSlhp)  °4) 

Since,  the  change  in  phase  for  the  surface  wave  can 
be  related  to  the  application  of  J2.  and  the  propagation 
time  via  the  wave  frequency,  -p  ,  Eqn  (14)  becomes 

4$  *=  271  fAt  (13) 

This  yields  an  expression  for  the  net  phase  shift,  neglect 
ing  any  phase  bias,  so  that 


(n&si) 

*  (/+  s?/iA),) 


(16) 
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If  in  Eqn  (16)  the  higher  order  effect  term  in  the 
denominator  is  neglected  under  the  assumption  that  the 
tangential  velocity  is  small  compared  to  the  MSSW  phase 
velocity  (this  may  not  always  be  the  case),  the  scale 
factor  extracted  from  Eqn  (16)  becomes  a  function  of  the 
ring  radius,  MSSW  frequency,  and  phase  velocity.  This  is 
expressed  as 


a4  =  S#  (17) 


where 


rrg*  (2nf) 


08) 


With  the  ring  radius  and  MSSW  frequency  held  constant 
the  scale  factor  then  varies  inversely  with  the  square  of 
the  phase  velocity.  Since  MSSW  propagation  can  be  varied 
to  produce  slow  phase  velocities,  the  rationale  behind  the 
AFCRL  proposal  becomes  obvious.  However,  siece  the  propa¬ 
gation  is  relative  to  the  input  and  output  probes,  the 
rotation  rate  measurement  is  strictly  relative  and  noniner- 
tial. 

Frequency  Sensitive  Sensor  Equations 

In  the  sense  of  an  alternate  scheme  to  sense  rotation 


rates  using  surface  waves,  a  system  can  be  devised  where  the 
rotating  ring  is  part  of  an  oscillator  system.  In  this 


Figure  8.  Simplified  Frequency  Sensitive  Sensor 


scheme,  a  change  in  oscillator  frequency,  Ap  ,  becomes  a 
measure  of  the  applied  rotation  rate  where  the  scale  factor 
can  still  be  expressed  as  a  function  of  the  ring  radius, 
MSSW  frequency,  and  phase  velocity: 


=*  P  (#Jlt  P) 


(19) 


An  exact  expression  for  the  scale  factor  can  be  derived 
by  inspecting  the  simple  oscillator  system  shown  in  Figure 
8.  Based  upon  as  MSS'.V  arriving  in  phase  at  some  reference 
point,  the  system  will  oscillate  when  the  following  condi¬ 
tion  is  met  (Ref  7): 

2/7  ft  *  2/r/)/  7i~  7, '2,3,'" 

Or 

=  7/~  In  (20) 

where  f  =  the  oscillator  frequency 

$£  =  the  phase  error  or  bias  in  the  loop 
t  -  phase  propagation  time 

In  Eqn  (20),  the  time,  t  ,  is  a  function  of  the  total 
surface  wave  velocity  and  the  path  length  assuming  that 
the  phase  velocities  of  the  remaining  oscillator  components 
are  fast  compared  to  the  ring.  For  the  case  when  the  ring 
is  stationary,  t  =£/fy,  where  L  is  the  ring  propagation 
path  lengthc  Substituting  this  into  Eqn  (20)  yields 

f  =  7  ("-  %)  ’  ‘2’> 

For  the  dynamic  case  where  the  ring  is  allowed  to  ro¬ 
tate,  the  phase  velocity  is  modified  by  the  tangential 
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velocity  component  as  was  the  case  for  tho  phuso  sensitive 
sensor  system.  Tho  application  of  the  rotation  rute  then 
causes  a  shift  in  the  oscillator  frequency  so  that 


f+Af  « 


Vp  t  Ki 1 


(»'  t) 


(22) 


whoro  assumes  a  net  increase  in  tho  wave  velocity 

and  corresponding  decrease  in  the  propagation  time.  This 
accounts  for  a  Af  where  by  substituting  Kqn  (21)  into 
Rqn  (22)  yiolds 


A) 

J7T  / 


(23) 


Or 


(24) 


Eqn  (24)  can  be  further  simplified  using  Kqn  21  again: 


(25) 
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Again,  as  was  done  for  the  phase  sensitive  sensor,  the 
scale  factor  can  be  extracted: 

c>  _  AV°  ... 

Sf  -  (26) 

V* 

It  is  interesting  to  compare  the  two  scale  factors 
of  Eqns  (18)  and  (26).  By  forming  the  ratio  of  Sf/S#  , 
the  frequency  sensitive  sensor  can  bo  seen  to  be  more 
sensitive  than  the  phase  sensor: 

Sfi  = 

Both  functions,  however,  remain  dependent  on  the  MSSW 
phaso  velocity.  But,  this  velocity  is  frequency  dependent 
due  to  the  dispersive  nature  of  MSSW  propagation;  therefore, 
additional  analysis  is  still  required  to  relate  the  actual 
MSSW  behavior  to  the  rotating  ring.  One  way  of  doing  this 
is  to  measure  MSSW  group  effects  to  ascertain  the  actual 
ring's  dispersive  properties. 

MSSW  Relations 

In  the  preceding  sections  of  this  chapter,  the  rota¬ 
tion  rate  sensor  scale  factors  were  derived  as  functions 
of  ring  geometry,  MSSW  frequency,  and  phaso  velocity.  These 
functions  imply  a  frequency  dependence  of  the  phase  velocity 
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which  implios  the  dispersion  relation  of  the  MSSW  modes. 
This  relation  as  previously  stated  is 

N*  *  Hp  MsHe+'h  hurt,)  7(l  -  c*M*)  ( 8 ) 


With  the  phase  velocity  defined  as  V„  =  to/t<  ,  Fqn  (3) 
can  be  manipulated  to  yield 

f ,  r  '/*(wajs)z  ir* 

VP  ~  [''feTTi^F^nTi JJ  C28> 


However,  before  Kqn  (28)  can  be  applied  to  the  scale  factor 
equations,  values  for  the  effective  field,  H  ,  and  the 
surface  wave  frequency,  ,  must  be  determined.  Although 
this  could  be  done  analytically,  it  is  more  practical,  con¬ 
sidering  unknown  anisotropic  effects,  to  empirically  measure 
the  actual  MS3W  ring  parameters.  Under  the  assumption  that 
the  ring  is  high  in  quality  and  not  excessively  lossy,  the 
detorimination  of  the  MgSW  parameters  can  be  conveniently 
accomplished  using  group  delay  measurements. 

Consider,  for  example,  the  system  described  in  Figure 
6  used  to  measure  group  dolay.  Other  than  the  fact  that 
the  YIG  geometry  is  a  ring,  the  sot-up  is  basically  the 
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same  as  used  in  the  Brundlc  and  Freedman  experiment.  The 
object  is  to  have  the  ring  biased  by  a  fixed,  known  DC 
magnetic  field  and  to  launch  a  MSSW  pulse  from  the  input 
probe  onto  the  ring.  The  propagation  direction  is  parallel 
to  the  cross-product  of  IT  x  6.  The  microwave  source  fre¬ 
quency  is  adjusted  until  an  acceptable,  delayed  pulse  is 
received  at  the  output  probe.  Input  power  is  limited  to 
avoid  nonlinear  behavior  (Ref  3:^27-/428).  After  deter¬ 
mining  the  intrinsic  delays  due  to  equipment  and  line 
group  velocities,  the  actual  MSSW  group  delay  is  found. 
Since  the  MSSW  group  velocity  can  be  found  by  dividing 
the  traveled  path  length  by  the  MSSW  group  time  delay, 


this  can  be  compared  to  the  theoretical  group  velocity 


where  . 


Eqn  (8)  can  then  be  used  to  show  that 


Vf  =  77  (Vr)*]  (29) 

where  s  =  the  YIG  ring  thickness 

to  -  the  microwave  source  angular  frequency 
Solving  Eqn  (29)  for  the  effective  field , yields: 

=  \if-)Z  *  $f]  -  i(V**s)  (30) 
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Additionally,  a  more  explicit  relation  relating  the 
desired  phase  velocity  to  the  actual  group  velocity  can 
be  found  by  substituting  Eqn  (29)  into  Eqn  (28).  This 
yields  the  expression: 


f  p/v  ( V;?Ms  r)*s"\  1 

— Jj  00 


Since  Eqn  (30  shows  the  dependence  of  the  phase 
velocity  on  the  MSSW  frequency,  another  piece  of  useful 
information  would  be  the  allowable  frequency  range  over 
which  surface  waves  exist  for  a  given  DC  biasing  field. 
That  range  of  frequencies  includes  all  surface  wave  vector 
numbers  for  OiK£.<x>.  Applying  these  limits  to  the  dis¬ 
persion  relation,  Eqn  (8),  yields  an  upper  and  lower 
bound  where 

tu  =  &  (32) 

and 

tm  =  £  [*+  *  (33) 
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Thus,  knowledge  of  the  group  delay  of  the  MSSIV 
pulse  and  how  it  varies  with  frequency  provides  insights 
into  the  dispersive  character,  effective  field  strength, 
and  MSSW  frequency  range  of  the  ring  for  a  given  DC  field. 
With  this  knowledge,  the  scaling  functions  for  the  phase 
and  frequency  sensitive  rotation  rate  sensing  systems 
can  be  can  be  evaluated. 


IV.  MSSIV  Rotation  Rato  Sensor  Design 

General  Design  Aspects 

As  indicated  in  the  preceding  sections,  the  experi¬ 
mental  work  in  support  of  this  thesis  is  centered  around 
two  different  rate  sensing  schemes.  In  one  scheme,  the 
phase  shift, is  the  desired  system  output  determined 
by  the  M SS\‘l  ring  geometry  find  its  parameters  as  well  as 
ring  rotation  rate.  This  system  is  a  basic  interfero¬ 
meter  where  the  phasing  of  the  MSSW  signal  is  allowed  to 
interfere  with  the  input  reference  signal.  This  produces 
a  voltage  which  is  proportional  to  the  applied  rotation 
rate  via  some  scaling  function.  In  another  scheme,  a 
microwave  oscillator  is  built  around  the  phase  delay 
characteristics  of  the  ring.  The  frequency  shift,  A'f' t 
of  the  oscillator  is  a  measure  of  the  applied  rotation 
rate  which,  again,  is  affected  by  a  scaling  function. 

For  both  rate  sensing  schemes,  a  thick,  high  purity 
single  crystal  ring  is  used.  The  ring  specifications  are 
listed  in  Table  I.  Note  that  such  parameters  as  line- 
width,  anisotropic  field  and  demagnetization  field  effects 
were  not  known;  however,  the  following  assumptions  were 
made: 

(1)  The  MSSW  ring  loss  was  low. 

(2)  The  ring  linewidth  was  well  less  than  1  Oc. 
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(3)  Anisotropic  field  effects  are  negligible 
compared  to  the  applied  and  demagnetizing  fields. 

(4)  The  demagnetization  factor  for  the  ring 

is  between  0.3  and  0.5  and  can  be  determined  em¬ 
pirically. 

Another  design  aspect  is  the  magnetic  biasing  field, 

Since  the  YIG  is  in  a  ring  geometry,  and  the  desired 
propagation  path  is  around  the  ring's  periphery,  /VA  must 
be  applied  parallel  to  the  ring's  axis  of  revolution. 

This  requires  a  mounting  scheme  that  provides  for  this 
field  orientation.  The  scheme  must  also  provide  for  RF 
excitation  parallel  to  the  ring  periphery.  Figure  9 
shows  the  physical  configuration  that  satisfies  these 
requirements  with  MSSW  propagation  satisfying  Eqn  (9). 

Finally,  these  experiments  required  a  pair  of  RF 
magnetic  transducers  or  probes  capable  of  inducing  and 
detecting  the  MSS'.V  signal  on  the  ring.  The  design  criteria 
chosen  for  the  probes  are  that  the  input  probe  must  be 
capable  of  producing  a  highly  localized  excitation  that  is 
primarily  magnetic  in  nature  and  the  output  probe  must 
be  able  to  satisfactorily  detect  the  MSS'.V  magnetic  field 
at  some  point  along  the  MSSW  path.  Another  important 
aspect  is  that  the  RF  isolation  between  the  probes  be 
high  so  as  to  prevent  unwanted  corruption  of  the  MSSW 
output  signal. 
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Figure  9.  Cross-sectional  View  of  M3SW 
Ring  Configuration. 
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Probe  De  sign 

Previous  experiments  and  analysis  performed  by 
Sethares  and  others  (Refs  1,  2,  3»  ?»  11)  were  done 
with  various  RF  excitation  methods.  The  simplest, 
as  used  by  Brundle  and  Freedman  in  their  work,  consists 
of  a  pair  of  fine  wires  extended  across  the  YIG  surface 
and  terminated  to  ground.  RF  double  stub  tuners  are 
often  employed  in  these  schemes  to  ensure  line  matching 
and  high  coupling  efficiency.  Another  often  employed 
method  involves  coupling  to  the  YIG  material  via  micro- 
strip  designed  for  impedance  matching.  Both  of  the 
aforementioned  schemes  are  acceptable;  however,  in  order 
to  couple  to  the  rotating  YIG  ring,  wire-type  couplers 
configured  in  a  shielded  probe  construction  were  chosen. 
Such  a  probe  design  was  desired,  since  it  offered  the 
ability  to  easily  adjust  coupling  distance  to  the  ring 
as  well  as  providing  potentially  high  isolation.  These 
advantages  are  gained,  however,  at  the  possible  sacrifice 
of  coupling  efficiency. 

Since  a  purely  analytical  design  of  the  RF  -  probes 
would  require  an  evaluation  of  the  complex  fields  in  the 
vicinity  of  a  magnetically  radiating  RF  field  element 
near  an  anisotropic,  ferromagnetic  medium,  the  probe 
design  task  was  approached  heuristically. 
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To  elicit  maxiura  radiation  as  well  as  detection 


sensitivity,  the  coupler  was  viewed  in  the  sense  of  the 
Biot-Savart  Law  where: 


ff 


2</L  X 

yrr/Z  z 


(34) 


The  practical  implication  of  this  law  is  that  the  current 
loop  of  the  probe  should  provide  a  maximum  enclosed  area. 
Unfortunately,  maximum  enclosed  loop  area  also  implies 
maximum  radiation  and  detection  of  stray  energies.  This 
is  further  complicated  by  the  dimensions  of  the  loop  in 
terms  of  signal  wavelengths.  This  problem  can  be  somewhat 
alleviated  by  applying  RF  shielding  to  the  loop  at  those 
places  where  radiation  and  detection  are  not  desired.  In 
practice  this  involves  the  provision  of  a  low  resistivity, 
conducting  boundary  tied  to  ground  potential  to  "sink” 
unwanted  tangential  H  fields.  In  summary,  these  two 
basic  ideas,  maximum  loop  area  and  tangential  H  field 
shielding,  were  used  to  design  the  RF  probes  used  in 
both  the  phase  and  frequency  sensitive  experiments. 

Another  aspect  of  probe  design  is  the  practical 
range  of  surface  wave  vector  numbers  that  can  be  induced. 
Although  low  order  wave  vector  (k)  numbers  are  relatively 
easy  to  generate,  it  is  the  higher  order  numbers  which 
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correspond  to  the  high  energy  densities  and  slow  propa¬ 
gation  velocities  that  are  desired.  These  k-numbers  are 
a  function  of  the  probe  wire  diameter,  dp,  and  can  be 
expressed  as 

*  ~  Tp  ’  2<*p  <  Ap<  00  (35) 

where  X  p  values  are  the  wavelengths  that  the  wire  is 
capable  of  practically  producing  (Ref  11:35)  based  on  dp. 
In  practice,  it  has  been  found  that  due  to  loss  effects, 
the  wire  diameter  should  be  corrected  by  a  factor  of 
approximately  0.8. 

Selection  of  a  probe  wire  diameter  must  also  con¬ 
sider  the  range  of  k-numbers  that  the  ring  itself  is 
capable  of  supporting.  This  is  a  function  of  the  YIG 
thickness,  s,  where,  according  to  Scthares,  the  useful 
range  is 


O  £  *s  *  (  (36) 

Using  a  YIG  thickness  of  0.128  cm  yields  a  maximum 
k-number  of  approximately  7.8  cm"1.  Considering  this 
approximate  limit,  a  probe  wire  diameter  of  0.01  in.  was 
selected  where  according  to  Eqn  (35)  wave  numbers  as  high 
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Figure  10.  Cross-sectional  View  of 
RF  Probe. 

as  154  cm  could  be  produced.  Therefore,  the  probe 
would  not  be  the  limiting  factor  in  high  wave  number  gen¬ 
eration. 

The  result  of  this  approach  is  the  probe  configura¬ 
tion  shown  in  Figure  10.  Evaluation  of  this  design  is 
included  in  the  Results  section  of  this  thesis. 

Rate  Sensor  Design  Factors 

Figures  11  and  12  show  in  block  diagram  form  the 
experimental  set-ups  used  for  the  d#  and/jf  MSSW  rotation 
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rate  sensing.  In  the  A0  scheme,  a  single  signal  genera¬ 
tor  provides  both  a  reference  signal  and  excitation  for 
the  MSSW  input  probe.  The  double  stub  tuner  is  used  to 
maximize  the  coupling  efficiency  of  the  probe.  The  output 
signal  off  the  ring  is  amplified  by  a  wideband,  low  noise 
travel  ing  wave  tube  (TWT)  amplifier  from  which  it  is 
summed  together  with  the  adjusted  reference  signal.  When 
the  ring  is  stationary,  the  reference  signal's  amplitude 
and  phase  arc  adjusted  for  a  minimum  detector  signal.  Due 
to  the  nonlinear  detector  characteristic  and  inherent  low 
pass  filtering,  an  interference  signal  whose  amplitude  is 
proportional  to  the  phase  difference  between  the  adjusted 
reference  signal  and  the  MSSW  output  signal  is  produced 
where 


and 
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This  set-up  also  provides  a  second  output  port  where  the 
spectral  purity  of  the  MSSW  and  reference  signals  can  be 
observed. 

In  the  Af  scheme  shown  in  Figure  12,  a  MSSW  ring 
oscillator  consisting  of  gain  and  phase  adjustments,  a 


double  stub  tuner  for  maximizing  input  coupling  effici¬ 
ency,  and  an  output  coupler  generates  a  RF  signal  which 


is  compared  to  a  reference  signal,  fr.  When  the  ring 
is  stationary,  the  signal  generator  is  adjusted  to  equal 
the  amplitude  and  phase  of  the  output  oscillation  fre¬ 
quency  of  the  ring  oscillator.  The  non-linear  detector 
is  used  as  a  mixer  where  its  output  is  filtered  and  fur¬ 
ther  amplified.  For  shifts  in  the  oscillator  frequency 
due  to  an  applied  rotation  rate,  the  detected  Af  is  meas¬ 
ured  using  a  frequency  counter.  A  tunable  voltmeter  is 
also  provided  to  further  filter  the  signal  and  measure 
relative  strength.  Again  a  second  output  port  is  avail¬ 
able  from  the  coaxial  tec  so  that  the  spectral  purity  and 
frequency  shift  of  the  system  output  can  be  monitored. 

For  each  of  these  two  rate  sensing  schemes,  it  is 
important  to  determine  the  following  magnetostatic  and 
rate  sensing  parameters: 

(1)  The  MSSW  dispersion  relation. 

(2)  The  actual  effective  field,  He. 

(3)  The  probe  isolation,  Ip. 

(if)  The  system  insertion  losses,  L^. 

(5)  The  theoretical  scaling  functions,  S ^  and  S^ 
In  order  to  identify  these  parameters,  the  set-up 
in  Figure  13  was  used  to  measure  the  group  delay  of  the 


system  as  a  function  of  frequency.  Initially,  the  ring 
specifications  listed  in  Table  I  and  Eqn  (8)  were  used  to 
calculate  the  theoretical  dispersion  relationship.  Here, 
an  effective  field  of  300  Oe  which  provides  a  M5SW  fre¬ 
quency  range  between  2.0  and  4«0  GHz  was  chosen.  This 
data  is  listed  in  Table  II.  The  theoretical  limits  for 
the  frequency  range  of  MSSW  activity  is  seen  to  range 
from  2.2  to  3*3  GHz.  The  next  step  is  to  take  this  data 
and  experimentally  profile  the  probe  isolation  and  system 
insertion  losses  using  the  set-up  in  Figure  14  and,  then, 
measure  the  MSSW  group  delay  as  a  function  of  frequency. 
The  group  velocity  is  calculated  from 

^  (38) 

where  L  is  the  propagation  path  length  taken  to  be  one 
half  of  the  ring  circumference.  As  previously  explained 
in  Section  III,  this  information  can  be  used  to  find  the 
effective  field,  He,  and  the  phase  velocity  of  the  system 
as  a  function  of  frequency.  The  scale  factors,  S^  and  Sf, 
can  then  be  calculated  and  compared  to  theoretical  values. 
Reffering  to  Table  II  and  using  a  k-number  of  30  cm”1,  an 
applied  rotation  rate  of  3000  RPM  with  a  phase  velocity  of 

Q 

about  7»0  x  10  cm/sec  at  3»29  GHz  yields  a  phase  shift  of 


TABLE  II 


Theoretical  Dispersion  Values  for  Thick  Ring 


frequency 
©  Hz) 

k-number 
( cm“ 1 ) 

group 

velocity 

(cm/^/sec) 

phase 

velocity 

(cm^/sec) 

2.196 

0 

2200 

CO 

2.688 

2 

1080 

8450 

2.944 

4 

589 

4620 

3.08? 

6 

337 

3230 

3.170 

8 

196 

2490 

3.219 

10 

116 

2020 

3.24? 

12 

68.9 

1700 

3.265 

14 

51.1 

1470 

3.275 

16 

24.5 

1290 

3.281 

18 

14.7 

1150 

3.285 

20 

8.78 

1030 

3.287 

22 

5.26 

939 

3.288 

24 

3.15 

861 

3.289 

26 

1.89 

795 

3.290 

30 

0.687 

689 

3.290+ 

34 

0.243 

608 

1  H0  =  300  Oersteds 

s  =  0. 128  cm. 
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2,67  x  10"6  radians  and  a  frequency  shift  of  nearly 
1000  Hz.  Actual  measurement  of  these  values  requires 
a  very  low  noise  environment.  Note  that  all  of  the  above 
calculations  are  based  on  the  application  of  the  disper¬ 
sion  relation  as  developed  for  a  slab  geometry,  therefore, 
this  approximation  for  parameter  identification  for  the 
ring  geometry  will  match  theory  only  with  the  generation 
of  high  k-numbers  where  the  MSSW  wavelenghts  become  small 
as  compared  to  the  YIG  ring  dimensions.  Under  this  condi¬ 
tion  there  shou3.d  be  no  significant  difference  between  a 
flat  and  ring  geometry. 


V.  Experimental  Results 


General 

During  the  experimentation  phase  of  this  thesis, 
the  physical  configuration  of  the  thick  YIG  ring,  the 
applied  biasing  field,  and  mounting  hardware  were  care¬ 
fully  maintained.  In  all  cases,  the  biasing  field  was 
allowed  to  rotate  with  the  ring  with  a  measured  field 
strength  of  750  Oersteds.  Assuming  a  ring  demagnetiza¬ 
tion  factor  of  0.3,  the  net  effective  field,  He,  was 
calculated  to  be  on  the  order  of  225  Oersteds.  Using 
Eqns  (32)  and  (33) »  the  MSSV/  frequency  range  should 
extend  from  2.0  to  3*15  GHz.  Over  this  frequency  range, 
it  was  hoped  that  group  delays  on  the  order  of  micro¬ 
seconds  would  be  detected  assuming  ideal  "loss  condi¬ 
tions,”  These  slow  velocities  would  occur  at  the  upper 
end  of  the  frequency  range  where  the  MSS’.V  wavelengths 
would  be  small  compared  to  the  ring  dimensions;  there¬ 
fore,  the  slab  dispersion  relations  used  by  Damon  and 
Eshbach  and  Brundle  and  Freedman  would  hold  true. 

To  allow  for  inevitable  parameter  uncertainty 
(e.g.  demagnetization  factor  and  slab  versus  ring  geome¬ 
try  model  disparities),  experimental  data  was  used  to 
empirically  determine  the  actual  MSSIV  ring  performance 
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TABLE  III 


MSSIV  Experimental  Set-Up  Parameters  and  Ranges 


MSSIV  Fields 

Applied,  Ha,  =  750  Oe. 

Demagnetization  =  0.3  (assumed) 

Net  effective  field,  He,  =  225  Oe 

Expected  MSS'.V 

2.0  to  3»t5  GHz  based  on  He  and 

Frequencies 

MSS'.V  ring  saturation  magnetization 

Input  Signal 

Pulse  or  c.w.  from  2.0  to  4.0  GHz 
Maximum  power  +3.0  dbm  (calibrated) 
Pulse  capability  of  50  to  100  nsec 
at  50  KHz  repetition  rates 

Output  Signal 

R.F.  amplification  of  36  db  over 

2.0  to  4.0  GHz  range  plus  additional 

40  db  voltage  gain  of  detected  video. 

Applied  Rota¬ 
tion  Rates 

0  to  3000  RPM  (  cw  or  ccw) 

parameters.  This  experimental  modeling  was  done  via  group 
delay  measurements  with  nominal  100  nanosecond  wide  micro- 
wave  pulses  with  peak  powers  of  no  more  than  +3»0  dbm  and 
at  a  50kHz  repetition  rate.  When  these  pulses  were  applied 
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to  the  MSSW  ring  via  the  RF  probes,  the  detected  output 
signal  was  amplified  by  a  low  noise,  broadband  traveling 
wave  tube  (TWT)  which  provided  a  nominal  gain  of  %  db 
over  a  2.0  to  4.0  GHz  frequency  range.  Additional  volt¬ 
age  gain  on  the  order  of  40  db  was  available  for  further 
amplification  of  the  detected  video  pulse.  Table  III 
summarizes  the  equipment  capabilities  and  the  initial 
MSSW  operating  parameters.  Appendix  II  lists  specific 
equipment  used. 

With  these  capabilities,  the  following  objectives 
were  pursued: 

(1)  Determine  the  system  losses  including 
an  evaluation  of  the  RF  probes  designed 
and  built  for  the  experiments. 

(2)  Identify  the  actual  thick  ring  MSSW 
parameters  using  group  delay  measurement 
data. 

(3)  Determine  and  evaluate  the  thick  ring 
suitability  as  a  MSSW  rotation  rate  medium 
for  both  phase  (/)0)  and  frequency  (/if)  sen¬ 
sitive  schemes.  Also,  identify  any  observed 
nonuniform  behavior,  its  magnitude  and  prob¬ 
able  source. 
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System  Losses 

Of  initial  interest  was  the  probe  isolation,  Ip, 
over  the  expected  MSSW  frequency  range;  therefore,  a 
preliminary  inspection  of  the  microwave  frequency  band 
from  2.0  to  4»0  GHz  was  made.  The  upper  limit  of  the 
MSSW  activity  was  seen  to  occur  at  about  3»2  GHz  which 
was  slightly  higher  than  the  estimated  3*15  GHz  limit. 
Since  the  higher  order  wave  vector  (k)  numbers  were  of 
interest,  the  frequency  range  w as  limited  to  to  3*2 
GHz.  (Later,  this  range  was  further  revised  to  2.8  to 
3.2  GHz  based  upon  measured  MSSW  group  delays.) 

Isolation  loss  data  on  the  probes  was  gath¬ 

ered  using  the  general  set-up  shown  in  Figure  14,  where 
the  calibrated  line  measurements  were  made  to  compensate 
for  line,  connector,  and  equipment  losses.  Once  data  on 
the  probes  was  collected,  the  YIG  ring  was  inserted  into 
the  set-up  and  insertion  loss  data,  which  included  probe 
coupling  and  ring  propagation  effects,  was  obtained.  For 
both  cases,  the  physical  configuration  was  carefully 
maintained  so  that  the  only  difference  between  the  isola¬ 
tion  and  insertion  set-ups  was  the  presence  or  absence  of 
the  YIG  ring. 

As  can  be  seen  from  the  isolation  loss  data  in  Table 
IV,  the  probe- to-probe  isolation  Ip,  remained  well  below 
40  db.  Separation  between  the  probes  was  about  0.52"  to 
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allow  space  for  the  YIG  ring  and  the  0.01"  probe  coupling 


wires.  Although  probe  VSV.'R  was  seen  to  be  high  (in  some 
cases  greater  than  5.0),  this  was  not  considered  detri¬ 
mental  since  tuning  stubs  were  to  be  used  to  compensate 
for  impedance  mismatches.  Overall,  the  probes  more  than 
adequately  demonstrated  their  ability  to  provide  high  iso¬ 
lation.  Similarly,  separate  tests  showed  that  the  magne¬ 
tic  fields  at  the  probe  aperture  were  highly  localized. 

For  example,  probes  that  were  allowed  to  touch  with  the 
loop  elements  at  right  angles  showed  near  field  isola¬ 
tions  in  excess  of  35  db.  Consequently,  the  probes 
seemed  suitable  for  the  remaining  experiments. 

With  the  probe  isolation  loss  calibrated,  the  ring 
was  inserted  into  the  experimental  set-up  to  measure 
insertion  losses.  At  3.2  GHz,  it  was  noted  that  the 
insertion  loss  varied  considerably  as  the  ring  was 
rotated  between  the  RF  probes.  This  change  was  sus¬ 
pected  to  be  a  result  of  non-uniform  MSSW  behavior,  and 
later  it  was  seen  that  these  variations  correlated  with 
MSSW  pulse  group  delay  data.  This  corruptive  effect, 
which  was  a  function  of  the  ring  angular  orientation,  was 
tracked  throughout  all  experiments  by  labeling  the  point 
of  minimum  insertion  loss  as  91  and  the  point  of  maximum 
loss  as  92.  The  angular  separation  between  these  points 
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TADLK  IV 


MSSW  Syr. tom  Losses 


f 

CO 

Isolation 

Insertion1' 

(alia) 

(  10  ^rnd/  soc) 

(db) 

01 

02 

l\  ao 

1.759 

50.3 

3.8 

10.0 

n.no 

1.3^.:? 

43. 1 

4.7 

5.3 

3.00 

1.335 

50.3 

4.7 

4.9 

3.K) 

1.948 

45.6 

6.3 

9.3 

3.1.1 

1.960 

45.6 

9.0 

11.1 

3.  ii* 

1.973 

45.5 

11.4 

14.3 

3.16 

1.936 

44.9 

13.3 

19.5 

3.16 

1.993 

46.0 

16.7 

29.2 

3. 20 

2.01 1 

50.9 

22.5 

49.5 

3.. :o+ 

2.01  H 

47.0 

—  1 

a) 

No  tor; :  *  01  position  of  minimum  lose 


and  minimum  timo  delay. 

02  position  of  maximum  lost: 
and  maximum  timo  delay* 

+  Losses  at  over  3,2  Cl  Ha  vory 
h i Rli ,  u nm o ar.u r ab  1  o . 


was  slightly  less  than  90°.  No  other  locations  were 
found  that  provided  the  same  loss  values;  although  var¬ 
iations  in  the  insertion  loss  occured  over  the  entire 
360°  rotation  of  the  ring.  Loss  data  for  the  01  and 
02  positions  is  listed  in  Table  IV  and  plotted  in  Fig¬ 
ure  15. 

With  knowledge  of  the  probe  performance  and  the  ring 
losses,  very  high  coupling  efficiencies  of  nearly  80%  were 
found  near  3.0  GHz.  As  the  frequency  was  increased  towards 
the  top  end  of  the  MSSW  range,  the  coupling  efficiency 
dropped  off  quite  rapidly  with  insertion  losses  for  the 
02  position  approaching  the  probe  isolation  values. 

MSSW  Parameter  Identification 

Using  the  group  delay  set-up  shown  in  Figure  13, 
the  group  velocities  at  ring  positions  01  and  02  were 
determined  using  50  to  100  nanosecond  wide  pulses.  The 
RF  frequency  was  varied  over  a  2.8  to  3.2  GHz  range. 

As  seen  in  the  sequence  shown  in  Figure  1 6 ,  the  pulse 
delay  increased  with  frequency.  As  the  frequency  ap¬ 
proached  the  upper  MSSW  limit,  pulse  amplitude  began  to 
drop  off  abruptly.  Distortion  and  pulse-spreading  was 
also  seen,  but  only  at  the  very  end  of  the  MSSW  fre¬ 
quency  range.  To  insure  that  the  pulse  propagation  mech¬ 
anism  was  a  surface  wave  phenomenon,  a  fine  wire  was 
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50  nanosecond  delay 
for  @2  near  3»  1  GHz. 


100  nanosecond  delay 
for  02  near  3*16  GHz. 


125  nanosecond  delay 
for  92  near  3»2GHz. 
Note  large  change  in 
amplitude  and  pulse 
distortion. 


Figure  16.  Group  Delay  Sequence. 
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stretched  across  each  of  the  two  surface  wave  ring  paths. 
For  one  surface  path,  the  fine  wire  had  no  noticable 
effect.  For  the  other  surface,  a  decrease  in  the  group 
delay  was  observed  as  was  an  increase  in  pulse  amplitude. 
These  results  identified  the  magnetostatic  surface  wave 
propagation  characteristics  desired  for  the  rotation  rate 
experiments. 

As  previously  noted,  non-uniform  behavior  as  a  func¬ 
tion  of  ring  position  was  observed  over  the  MSSW  range. 
The  same  type  of  non-uniformity  was  also  observed  during 
the  group  delay  experiments.  For  example,  it  was  seen 
that  the  maximum  delayed  pulse  at  3*2  GHz  occured  at  the 
02  position.  Minimum  delay  occured  at  01.  There  was  a 
forty-five  percent  variation  in  the  01  delay  relative  to 
the  delay  at  02  .  This  data  is  summarized  in  Tables  V 
and  VI  and  plotted  in  Figure  17. 

Using  this  data  and  knowledge  of  the  propagation 
path  length,  the  effective  wave  number,  ke,  can  be  deter¬ 
mined  as  a  dispersive  function  of  frequency  using 


For  Eqn  ( 39) »  the  group  velocity  is  calculated  by  divid-  ! 

i 

ing  the  path  length  by  the  group  delay.  This  effective 
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dispersion  for  the  01  and  expositions  is  shown  in  Fig¬ 
ure  18  where  it  is  plotted  against  the  theoretical  dis¬ 
persion  calculated  for  the  92  position.  This  theoretical 
curve  was  produced  by  estimating  the  effective  field,  He, 
and  noting  its  asymptotic  value  approaching  the  upper  MSS'.V 
frequency  limit.  Eqn  (30)  then  produced  the  final  value 
based  upon  the  group  velocity  that  was  actually  measured. 

The  fact  that  there  is  a  large  displacement  between 
the  actual  and  theoretical  02  dispersions  is  believed  to 
be  a  result  of  the  flat  slab  assumption  for  the  predicted 
dispersion  model.  For  instance,  it  is  interesting  to 
note  that  the  theoretical  and  actual  curves  do  intersect 
as  the  k-numbers  become  very  high.  Indeed,  the  two  curves 
level  off  at  the  same  frequency  asymptote.  In  this  re¬ 
gion,  the  surface  waves  are  much  smaller  than  the  ring 
dimensions  and  the  flat  geometry  assumption  is  satis¬ 
factory.  Further  improvement  in  the  theoretical  disper¬ 
sion  can  be  attained  by  using  the  following  relation  as 
formulated  by  Srivastava  (Ref  15:254): 

"  *•['*?**/*)]* 1  «») 

where  ks  =  the  wave  vector  number  based  on  a  slab 
k*  =  the  corrected  wave  vector  number  based 
on  a  cylindrical  (ring)  geometry. 
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Although  the  Srivastava  plot  in  Figure  18  shows 
some  improvement  at  the  high  frequencies  for  the  cylin¬ 
drical  correction,  the  lower  frequencies  still  remain 
displaced.  It  is  postulated  that  this  is  a  result  of 
the  induced  MSS’.V  wavelengths  being  fairly  large  compared 
to  the  ring.  Under  these  circumstances,  any  correction 
to  the  dispersion  relation  must  take  into  account  the 
relationship  of  ring  geometry  to  the  propagating  surface 
wavelengths.  Several  attempts  were  made  to  find  a  suit¬ 
able  topological  correction,  but  without  success.  Despite 
this,  the  fact  that  the  effective  dispersion  relation 
shifted  in  the  direction  predicted  by  Srivastava  is  an 
encouraging  result  (Ref  15:255).  For  the  reader's  con¬ 
venience,  the  results  of  the  parameter  identification 
and  loss  measurements  are  summarized  in  Tables  IV  and  V. 


dfl  Experimental  Results 

As  has  been  seen  from  both  the  system  loss  and  group 
delay  measurement  data,  non-uniform  MSSW  behavior  was 
found  as  a  function  of  the  ring  angular  orientation  rela¬ 
tive  to  the  probes.  This  obviously  will  have  an  effect 
on  the  performance  of  the  £0  rotation  rate  experiment. 

For  example,  using  Eqn  (16)  and  a  phase  velocity  of 
1118  cra/usec.,  a  rotation  rate  of  3000  RPM  yields  a 
phase  shift  of  1.02  microradians.  However,  when  this  is 


mm 


compared  to  a  worst  case  variation  in  phase  velocity 
due  to  the  applied  rotation  rate  will  vary  by  +  0.223 
microradians  or  approximately  twenty-two  percent. 

Although  there  are  ways  of  handling  this  error,  the  more 
serious  problem  is  the  large  variations  in  system  inser¬ 
tion  losses.  At  3«2  GHz  this  was  about  2?  db  as  found 
by  comparing  the  insertion  losses  at  the  01  and  02 
positions.  If  this  is  applied  to  the  following  expres¬ 
sion  which  describes  the  system  voltage  output  as  a  func¬ 
tion  of  phase  shift  and  ring  position,  the  desired  rate 
sensitivity  is  hopelessly  swamped  out  by  the  large  varia¬ 
tions  in  system  insertion  losses: 

£0  ~  £0(6)  Cos  (A0) 

£o(e)  »  EoCOS(a^) 

where  0  =  discrete  position  of  the  ring 

A0  =  phase  shift  due  to  applied  rotation  rate. 

This  effect  can  be  seen  in  the  photographic  se¬ 
quences  in  Figure  19.  For  three  different  rates,  1000, 
2000,  and  J>000  RPM,  the  overall  detected  phase  pattern 
remains  essentially  the  same.  Because  of  the  periodicity 
of  the  coupling  losses  it  is  easy  to  determine  the  applied 
rotation  rate  frequency  by  measuring  the  time  between 
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similar  points  on  the  repeating  waveform.  Also  note 
that  the  ©1  and  92  positions  are  marked  on  the  photo¬ 
graphs  for  reference.  This  conveniently  illustrates 
the  nearly  90°  separation  between  91  and  02. 

Another  concern  was  how  probe  coupling  and  loading 
affected  the  MSSW  modes  on  the  ring  (Ref  3)«  Figure  20 
shows  that  there  is  little  change  in  the  phase  pattern 
when  the  transmitting  probe-to-ring  distance  was  in¬ 
creased.  The  only  noticable  change  was  the  lessening 
of  the  detector  saturation.  This  result  eliminated 
coupling  distance  as  a  potential  major  source  of  dis¬ 
tortion  where  ring  eccentricity  and  wobble  could  have 
been  important. 

During  the  /10  rate  sensing  experiment,  several 
attempts  were  made  to  decipher  and  correlate  the  calcu¬ 
lated  scaling  function,  S^i,  with  the  recorded  phase  pat¬ 
terns.  The  loss  variations,  however,  were  so  large  that 
all  attempts  were  unsuccessful.  If  smaller  loss  varia¬ 
tions  had  been  achievable,  the  problem  of  these  large 
phase  variations  could  have  been  reduced. 
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Phase  pattern  at 

1000  RPM,  13.3  msec/div. 


Phase  pattern  at 
2000  RPM,  5  msec/div. 


Phase  pattern  at 
3000  RPM,  5  msec/div. 


Lower  level  =  0° 


19.  Sequence  of  Phase  Patterns 
at  Different  Rotation  Rates 


Figure  20.  Phase  Patterns  as  Influenced 
by  Coupling  Distance. 


experimental  Results 

Using  the  set-up  shown  in  Figure  12,  the  variable 
phase  shifter  and  oscillator  loop  attenuator  were  ad¬ 
justed  for  stable  oscillations.  As  previously  demon¬ 
strated  by  Young  (Ref  7),  a  comb  of  oscillator  frequen 
cies  was  generated  as  shown  in  Figure  21.  For  various 
loop  adjustments,  a  wide  range  of  frequencies  were  gen 
erated;  however,  the  most  stable  appeared  around  2.8  G 


Dispersion  500  i'Hz  per  division 


Figure  21.  Comb  Oscillator 


Again  referring  to  Figure  21,  the  difference  in  the 
comb  frequencies  is  about  200  MHz  which  represents  a 
net  loop  phase  velocity  of  about  2500  cm/usec.  This 
is  somewhat  slower  than  the  phase  velocity  calculated 
from  the  group  delay  data;  nonetheless,  this  value  is 
reasonable  considering  the  cummulativc  effect  of  meas¬ 
urement  uncertainties  and  temperature  drift. 

For  rotation  rate  sensing,  the  double  stub  tuner 
was  adjusted  to  yield  a  single  oscillation  frequency. 

When  this  condition  was  achieved  for  oscillations  higher 
than  2.8  GHz,  changes  in  the  ring  position  resulted  in 
frequency  hopping  to  other  lower,  more  stable  modes. 

This  was  an  undesirable  condition;  therefore,  the  oscil¬ 
lator  stub  tuner  was  readjusted  along  with  the  variable 
phase  shifter  to  produce  stable  oscillations  around  2.8 
GHz.  At  this  frequency,  changes  in  ring  position  re¬ 
sulted  in  continuous  shifts  in  the  oscillator  frequency. 
This  effect  is  shown  in  Figure  22  where  the  ring  was 
rotating  at  3000  RPM.  The  net  displacement  of  the  oscil¬ 
lator  frequency  as  measured  with  the  spectrum  analyzor 
was  1.8  MHz.  This  displacement  was  due  to  the  non-uniform 
MSSW  behavior  which,  as  seen  in  previous  experiments,  was 
a  function  of  ring  orientation  relative  to  the  RF  probes. 
Similar  variations  in  the  oscillator  frequency  like 
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Dispersion  =  1MHz  per  div. 
f0  =  2.8  GHz  Applied  3000  RPM 

Figure  22.  Rotational  Effects  on  MSSW 
Ring  Oscillator  Frequency 

that  shown  in  Figure  22  were  artificially  induced  by 
varying  the  loop  gain  and  phasing.  This  leads  to  the 
hypothesis  that  the  actual  displacement  was  a  function 
of  anisotropic  losses  and  dispersion  characteristics. 
In  fact,  caluculated  displacements  due  to  changes  in 
v  indicated  maximum  displacements  on  the  order  of 
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Dispersion  =  300  KHz  per  division 
Vertical  log  scale  f  =  2.8  GHz 


Figure  23.  MSSW  Ring  Oscillator  Spectral 
Noise 


700  MHz.  This  large  of  a  displacement  was  not  seen  at 
2.8  GHz.  On  the  other  hand,  displacement  due  to  a  maxi¬ 
mum  rotation  rate  of  3000  RPM  would  be  about  700  Hz. 

This  small  of  a  displacement  was  not  detectable  because 
of  the  large  corruptive  displacements  and  a  signal  noise 
bandwidth  of  approximately  100  KHz  as  seen  in  Figure  23. 
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Since  the  magnetic  biasing  field  was  originally 
allowed  to  rotate  with  the  ring,  the  4f  set-up  was- 
next  modified  to  keep  the  applied  field  fixed  relative 
to  the  RF  probes.  This  arrangement  did  not  improve  the 
variations  in  ring  behavior  due  to  positional  changes. 

This  would  seem  to  further  reenforce  the  hypothesis  that 
anisotropic  variations  were  accountable  for  the  deviate 
loss  and  phase  behavior.  Ultimately,  the  ring  fractured 
while  being  rotated  at  low  RPM.  The  fracture  seemed  to 
follow  a  fine  surface  scar  that  was  on  the  ring  peri¬ 
phery.  It  is  suspected  that  this  was  the  site  of  a 
crystal  plane  dislocation  owing  to  the  features  at  the 
fracture.  It  is  possible  that  either  magnetic  torques 
or  shaft  vibrations  aggravated  the  dislocation  and  caused 
the  final  fracture. 

Analysis  of  Corruptive  Effects 

As  previously  described,  large  variations  in 
losses  and  dispersion  were  observed  in  all  experiments 
as  a  function  of  the  ring's  orientation  relative  to  the 
RF  probes.  At  first  these  corruptive  effects  were  thought 
to  be  the  result  of  variations  in  the  biasing  field. 

Since  the  biasing  field  was  allowed  to  rotate  with  the 
ring,  it  was  speculated  that  the  observed  corruptive 
effects  were  simply  manifestations  of  the  launched  surface 
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waves  seeing  different  biasing  conditions  for  incre¬ 
mental  changes  in  the  ring  and  bias  field  position. 

To  eliminate  this  possibility,  the  experimental  set¬ 
ups  were  modified  to  keep  the  biasing  field  stationary 
relative  to  the  RF  probes.  Thus,  all  launched  surface 
waves  would  be  exposed  to  the  same  field  conditions 
in  their  travel  from  the  input  to  output  probes.  When 
the  f  experiment  was  performed  with  this  change,  the 
corruptive  loss  and  dispersion  effects  remained  essen¬ 
tially  the  same. 

To  further  examine  this  result,  a  thin  film  YIG 
disc  10  microns  thick  on  a  GGG  substrate  was  tested 
using  the  set-up  shown  in  Figure  24.  For  this  config¬ 
uration  the  biasing  field  was  held  fixed  relative  to 
the  probes  and  group  delay  and  loss  measurements  were 
made.  It  was  found  that  the  thin  film  disc  exhibited 
the  same  type  of  position-dependent  behavior  as  the  ring 
though  not  as  severe.  It  is  speculated  that  these 
variations  are  due  to  anisotropic  effects  which  are  de¬ 
pendent  again  on  the  crystal  lattice  orientation  relative 
to  the  probes. 

In  reviewing  the  thick  ring  experiments  where  the 
biasing  field  rotated  with  the  ring,  the  surface  waves 
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Figure  24.  YIG  Disc  Set-Up  to  Observe 
Anisotropic  Effects 


were  traveling  at  velocities  much  greater  than  the 
tangential  velocity  component  due  to  the  applied  rota¬ 
tion  rate;  therefore,  the  bias  field  always  looked  rela¬ 
tively  fixed  compared  to  the  propagating  waves.  For 
example,  it  is  estimated  that  the  shaft  rotated  0.13 
microradians  for  a  rotation  rate  of  3000  RPM  while  the 
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MSSW  travelled  from  the  input  to  the  output  probe.  It 
is  suspected,  however,  that  the  crystal  lattice  and  any 
anisotropic  fields  would  be  continuously  changing  at  the 
mechanical  rotation  rate  in  the  vicinity  of  the  MSSW 
launch  site.  Consequently,  the  anisotropic  field  effects 
could  have  caused  the  corruptive  behavior  as  seen  during 
all  experiments. 

Experimental  Summary 

Based  upon  the  results  of  the  experiments  performed, 
the  following  observations  were  made.  First,  the  loss 
and  dispersion  variations  are  most  likely  attributed  to 
crystalline  defects  and  anisotropic  characteristics. 
Conversely,  any  variations  due  to  field  inhomogeneity 
are  ruled  insignificant.  Second,  some  of  these  effects 
seem  to  be  independent  of  the  YIG  form,  since  similar 
behavior  was  observed  on  a  high  quality  thin  film  YIG 
disc.  Third,  the  large  variations  detected  during  group 
delay  measurements  prevented  satisfactory  detection  of 
rotation  rates  for  both  the  phase  and  frequency  sensitive 
experiments.  Fourth,  the  performance  of  the  RF 

probes  was  very  satisfactory  with  relatively  efficient 
excitation  and  detection  of  the  surface  waves.  Finally, 
for  those  cases  where  the  MSSW  wavelengths  are  large 


compared  to  the  ring,  further  refinement  of  the  disper¬ 
sion  relation  is  required  to  model  the  MSSW  behavior. 


VI. Conclusions 


Summary 

This  thesis  investigated  the  suitability  of  mag¬ 
netostatic  surface  wave  propagation  around  the  peri¬ 
phery  of  the  magnetically  biased  thick  YIG  ring  to 
sense  noninertial  rotation  rates.  In  one  case,  a  phase 
sensitive  interferometric  rotation  rate  sensor  was  de¬ 
signed,  built,  and  tested.  In  a  second  scheme,  a  fre¬ 
quency  sensitive  sensor  was  similarly  investigated  where 
shifts  in  the  frequency  of  a  MSSW  ring  oscillator  pro¬ 
vided  rate  information. 

For  both  rate  sensing  schemes,  large  variations  in 
the  MSSW  behavior  around  the  ring  prevented  satisfactory 
rotation  rate  measurements.  The  non-uniform  behavior 
was  apparent  in  coupling  loss  and  dispersion  data  that 
was  initially  measured  during  group  delay  measurements 
of  the  thick  ring's  MSSW  parameters.  Due  to  the  large 
thickness  of  the  YIG  ring,  the  rotation  rate  scaling 
functions,  Stf  and  S^.,  were  very  small  since  the  thickness 
of  the  ring  limited  surface  wave  propagation  to  rather 
low  wave  vector  numbers.  The  combined  effect  of  low 
rate  sensing  sensitivities  and  non-uniform  behavior  due 
to  suspected  crystalline  anisotropic  fields  made  rotation 
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rate  sensing  impossible. 

During  group  delay  measurments  of  the  ring  MSSW 
parameters,  it  was  seen  that  the  effect  of  the  ring 
curvature  tended  to  shift  the  dispersion  characteris¬ 
tics  towards  higher  frequencies.  This  experimentally 
agreed  with  the  prediction  of  Srivastava  regarding  MSSW 
propagation  along  curved  ferrite  surfaces.  The  experi¬ 
mental  results  suggest  that  additional  modifications  of 
the  flat  slab  dispersion  relation  as  used  by  Damon  and 
Eshbach  and  Brundle  and  Freedman  may  also  be  required 
to  account  for  the  degree  of  curvature  as  compared  to 
the  propagating  surface  wave  wavelengths. 

For  all  experiments,  an  RF  magnetic  field  probe 
design  was  proposed,  tested,  and  used.  The  probe  design 
has  been  shown  to  be  capable  of  providing  highly  local¬ 
ized  RF  magnetic  excitations  while  exhibiting  up  to  50  db 
isolation  for  probes  slightly  more  than  0.5  inches  apart. 
Recommendations 

In  order  to  achieve  higher  rotation  rate  sensitiv¬ 
ities,  it  is  first  recommended  that  the  thickness  of 
future  YIG  rings  be  limited  to  values  much  less  than 
the  thick  ring  used  in  this  thesis.  Since  the  thin  film 
rings  used  by  Sethares  exhibited  facetting  as  a  conse¬ 
quence  of  the  cubic  crystalline  structure  of  YIG,  it  is 
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solution;  however  it  is  proposed  that  other  thin  film 
geometries  such  as  a  disc  may  be  adapted  to  rotation 
rate  sensing.  This,  however,  requires  the  difficult 
task  of  designing  a  suitable  radial  magnetic  biasing 
field. 

It  is  also  recommended  that  further  study  be  de¬ 
voted  to  the  task  of  determining  and  modeling  the 
observed  non-uniform  behavior  of  the  YIG  medium.  It 
is  suspected  that  this  non-uniformity  results  from 
anisotropic  fields  that  are  very  sensitive  to  the  ori¬ 
entation  of  the  crystal  lattice  relative  to  the  surface 
wave  launch  site  and  propagation  direction.  Because  of 
this  effect,  it  is  felt  that  any  future  investigation 
of  MSSW  rotation  rate  sensors  be  preceded  by  such  an 
analysis. 
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Appendix  A:  Symbols  and  Abbreviations 


Symbol 

AFCRL 

AFIT 

B 


f 


Alo 

fhi 

G 

GGG 

H 


H 

H. 


e 


rf 


P 


k 

L 

M 


MSSW 

MSVW 


Explanation 

Air  Force  Cambridge  Research  Laboratories 

Air  Force  Institute  of  Technology 

Magnetic  flux  density 

RF  probe  diameter 

Output  voltage 

Magnetostatic  .frequency 

Lowest  magnetostatic  frequency 

Highest  magnetostatic  frequency 

Flux  units,  gauss 

Gadolinium-Gallium-Garnet 

Magnetic  field  intensity 

Applied  magnetic  field 

Effective  or  net  internal  field  intensity 
Demagnetizing  field  intensity 
RF  field  intensity 
Probe  isolation  (in  db) 

Magnetostatic  wave  vector  number 
Propagation  path  length 
Magnetization  vector 
Magnetostatic  surface  wave 
Magnetostatic  volume  wave 
Demagnetization  factor 


Symbol 


'delay 

T, 


VnM$ 


Explanation 

Surface  normal  unit  vector 

Field  intensity  units,  Oersteds 

System  parameters,  general 

Ring  radius 

YIG  sample  thickness 

Frequency  sensitive  scaling  function 

Phase  sensitive  scaling  function 

Time 

Propagation  group  delay 

Single  spin  system  longitudinal  component 
Single  spin  system  transverse  component 
Group  velocity 
Phase  velocity 

Tangential  velocity  component 
Gyromagnetic  ratio 
YIG  linowidth 
Frequency  shift 
Phase  shift 

Precession  angle  or  ring  displacement 

MSSW  wavelength 

MSSW  period 

Applied  rotation  rate 

MSSW  angular  frequency 

Saturation  Magnetization 
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Appendix  B:  Equipment 

The  following  is  a  list  of  the  equipment  used 
during  the  experimental  phase  of  this  thesis.  Included 
in  this  section  is  a  brief  description  of  the  equipment 
and  identification  of  the  manufactuer. 


Equipment 


Description 


Microwave  Source 


Spectrum  Analyzer 


RF  Power  Meter 


Oscilloscope 


Microwave  Amplifier 


RF  generator,  Hewlett-Packard, 
model  TS-403/H.  Tunable  from  1.8 
to  4.0  GHz.  Maximum  output  is 
+3.0  dbm  into  50  ohms. 

Alfred  model  MF-100  with  model 
RF-3000  tuning  head.  Tunable  from 
0.01  to  40  GHz  with  adjustable 
dispersion  from  IKHz  to  300  MHz. 

Hewlett-Packard  HP  432A  with  model 
MT  478A  thermistor  mount.  Seven 
ranges  from  0.01  to  10  mw. 

Tektronix  model  465M  dual  input 
wideband  oscilloscope.  Fastest 
time  base  at  5  nsec  (calibrated). 

Varian  traveling  wave  tube  (TWT) 
model  VTS-4413P1  with  approximately 
36  db  gain  over  2.0  to  4*0  GHz  range. 
Low  noise  amplifier. 
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Motor  and  Controller  Electrocraft  Corp.  Motomatic 

controller  and  motor  model  E-650. 
Rates  up  to  3000  RPM  cw.  or  ccw. 
Maximum  torque  of  5  in. -lb. 


Video  Amplifier 


Pulse  Generator 


PIN  Diode  Modulator 


Keithly  Instruments  wideband  video 
amplifier  model  104.  Choice  of 
one  megohm  or  50  ohm  inputs.  Gains 
of  1,  10,  or  100. 

Hewlett-Packard  model  HP-8001  A. 
Variable  pulse  width  from  100  to 
500  nanoseconds  at  repetition  rates 
from  0. 1  to  200  KHz.  Maximum  output 
of  10  volts  into  50  ohms. 

Hewlett-Packard  model  8732B.  Fre¬ 
quency  range  from  1.8  to  4.5  GHz. 
Requires  bias  interface. 


Lock-in  Amplifier  Princeton  Applied  Research  model 

NIIR8.  As  tunable,  filtered  volt¬ 
meter  and  wave  analyzer  provides 

continuous  tuning  from  1.5  Hz  to 
150  KHz  with  meter  time  constant 
selections 


Directional  Coupler 


RF  Isolator 


Attenuator 


Varian  Associates  model  3003-10 
provides  -10  db  directional  coup¬ 
ling  over  2.0  to  4.0  GHz  range. 

Microwave  Associates  model  R439-353 
provides  over  20  db  isolation  over 
2.0  to  4»0  GHz  range. 

Continuously  adjustable  uncalibrated 
attenuation.  Antenna  and  Radome 
Research  Associates  model  3414-30 
coaxial  "PI"  lino  attenuator. 
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Hybrid  Tee 


Circulator 

Adjustable  Stubs 

Detector 

RF  Probe  and  Mount 

Thin  Film  Disc  Mount 


Narda  coaxial  hybrid  tee  model  3003 
Provides  0  and  90  degree  phase 
output/input  connections,  2.0  to 
4.0  GHz. 

Western  Microwave  Laboratory  model 
CTS-2442,  2.0  to  4.0  GHz. 

General  Radio  model  874-020  adjust¬ 
able  20  cm  sectional  line  with 
stand  and  connectors.  Two  used  to 
construct  double  stub  tuner. 

Genral  purpose  microwave  tunable 
crystal  detector  equipped  with 
1 N 1 3  Sylvania  crystal  in  HP  mount. 

Fabricated  locally  and  used  to  excite 
surface  waves  via  RF  magnetic  field 
excitations.  Probe  and  mount  shown 
in  Figure  26  in  this  appendix.  The 
complete  set-up  with  the  DC  field 
biasing  magnets  is  shown  in  Figure  25. 

Fabricated  locally,  this  peice  of  hard¬ 
ware  consists  of  a  cylindrical  fixture 
with  retainer  to  clamp  the  thin  film 
disc  into  place.  The  back  end  of  the 
fixture  has  a  shaft  which  fits  into 
the  Motomatic  equipment.  See  Figure 
27  in  this  appendix. 


RF  probes  are 
at  top  and 
bottom. 


Rotating  shaft 
runs  horizont¬ 
ally  from  left 
to  right. 


Bias  magnets 
are  left  and 
right  of  center 


Ring  is  at 
center  of  the 
photograph. 


Figure  25.  RF  Probe  and  Ring 
Assembly 


90 


Figure  26.  RF  Probe  and  Mount 


Figure  27,  Thin  Film  Disc  Mount 
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